Objective To assess whether a computer program using a variant of Angoff's method can detect anomalous behaviour indicative of cheating in multiple choice medical examinations.
Introduction
"Ninety-two coins spun consecutively have come down heads ninety-two consecutive times . . . One, probability is a factor which operates within natural forces. Two, probability is not operating as a force. Three, we are now within un-, sub-or super-natural forces. Discuss."
Tom Stoppard, Rosencrantz and Guildenstern are Dead
Cheating occurs at all levels of education, [1] [2] [3] in medicine and elsewhere, [4] [5] [6] [7] [8] and postgraduate examinations are unlikely to be exempt. Cheating threatens examination validity and thereby health care. However, conventional invigilation is only partially effective in preventing cheating. 1 This paper describes Acinonyx, a computer program which adapts Angoff 's validated method for identifying unduly similar answers from pairs of candidates. 9 Reasons for excessive similarity include copying and spontaneous or premediated collusion between candidates, perhaps supported by communications technology. Acinonyx cannot distinguish these processes, or determine which candidate has copied from which.
Method
Software-Acinonyx is written in C++ and also uses the REGRESSION program of SPSS to implement a version of Angoff 's A index. 9 It is applicable to any objectively marked examination (multiple true-false with or without negative marking; best of five; extended matching; etc), requiring only a knowledge of the questions answered correctly by each candidate.
Statistical method-Let candidate I answer R i questions correctly in an exam, candidate J answer R j questions correctly, and R ij be the number of correct answers shared by the two candidates. R ij is not a good measure of similarity because the number of similar answers increases with examinee knowledge. Acinonyx follows Angoff 9 in examining R ij in relation to R i and R j , but assesses the unusualness of R ij by calculating the residual of R ij after regression on √(R i .R j ) and R i .R j . Residuals are distributed normally and expressed as probabilities.
Significance testing-With N candidates there are N×(N − 1)/2 pairs of candidates (that is, 1 999 000 pairs when N = 2000), making necessary a correction for alpha inflation (multiple significance testing). Acinonyx calculates a raw, uncorrected probability, P raw , which is adjusted for multiple testing by a Bonferroni correction, giving a corrected probability, P corrected :
Alpha is set conservatively at P < 0.001, and a pair regarded as anomalous if P corrected is < 0.001. , and a corrected probability of 9.0×10 − 12 , and hence P corrected < 0.001. These two candidates, who answered 170 and 178 items correctly, with 164 shared answers, were found on the seating plan to have been seated side by side; one passed and one failed. The latter subsequently took Parts 1A − 24 (N = 13; median = 1.6×10 − 11 ). In the six exams where seating plans were available the candidates in each anomalous pair had been seated side by side. Of the 12 independent pairs, both candidates failed in seven cases, one passed in three cases, and both passed in two cases.
Discussion
Acinonyx identifies anomalous pairs of candidates which require investigating (and meet standard forensic requirements for scientific evidence 10 ). Action requires other evidence. Seating plans, notes in question booklets, changed answers, information from invigilators, other surveillance, and interviews with candidates may show culpability.
Examiners raise a number of questions and objections about Acinonyx that are worth considering (see also bmj.com). Statistical issues-Although "the evidence is only statistical," statistics are facts and are widely used to guide actions throughout medicine. Although rare events do occur by chance, particularly with large numbers of candidates, Examination I shows that the method effectively eliminates type I errors. The extreme unlikelihood of some of the probabilities is sometimes difficult to interpret, and is better expressed in terms of games of chance: 10 − 20 , for instance, is the likelihood of tossing 64 successive heads, or of winning the UK National Lottery in three successive weeks. Additional statistical support also comes from seating plans: for examination II, with 1298 candidates, the probability that the second member of an anomalous pair was one of the eight seated adjacent to the first is only 1 in (1297/8) = 1 in 162, P = 0.006.
Candidates may give similar answers because they have studied together-If so then anomalous pairs would be found in candidates sitting in different centres, but they are not, here or elsewhere. 3 The evidence is only circumstantial-"The rule of probability" 11 means that circumstantial evidence can be highly probative, particularly when corroborated by seating plans, coincidences in wrong answers in best of five and extended matching questions, answers erased in favour of another answer, annotation of question booklets, performance in previous examinations, and evidence from invigilators and other candidates.
The sensitivity, specificity, and validity of the technique are not known-Angoff demonstrated that his indices were substantially raised in 50 "known and admitted copiers." 9 Monte Carlo analysis confirms the sensitivity and specificity of Acinonyx (see bmj.com).
Postgraduate examinations should take other steps to prevent cheating-Measures to minimise cheating by close investigation, avoiding tiered lecture theatres or closely placed desks, and other methods should be taken. Acinonyx can itself be used to monitor the effectiveness of prevention.
It is a "victimless crime"-The victims are patients treated inappropriately by improperly qualified doctors. In the United Kingdom, cheating violates the guidelines in Good Medical Practice ("as a doctor you must be honest and trustworthy"), 12 and the General Medical Council has already disciplined a doctor for cheating, partly on the basis of statistical evidence. 13 
Conclusions
Acinonyx identifies anomalous pairs of candidates who are probably cheating, and also acts as a quality control, shown by detecting a scanning error which is so far unique to this and other examinations. Acinonyx does not provide direct evidence about which candidate did the copying, and further investigation is required. Although examining bodies dislike investigating innocent candidates, their obligations to other candidates, the profession, and patients require them to protect the integrity of examinations. Examining bodies should remind candidates of the importance of keeping answers concealed, and bodies that adopt such statistical methods should inform candidates about their use and should have appropriate investigative and disciplinary procedures in place. 14 We are grateful to a number of colleagues who have discussed the ideas and analyses presented in this paper, and particularly to Mr Bertie Leigh for his detailed comments on the manuscript. The software is available free of charge to non-commercial and educational organisations from i.mcmanus@ucl.ac.uk. Contributors: ICM developed the statistical analysis. Applying it to this examination was initiated by TL and SEW, with SEW assisting with statistical analysis. ICM wrote the first draft of the paper, and all authors contributed to the final draft. ICM is the guarantor for the paper. Funding: None. Competing interests: ICM has given unpaid educational advice to several postgraduate medical examination boards. TL is the honorary officer for examinations for the Royal College of Paediatrics and Child Health. SEW is a paid employee of the RCPCH examinations department. Ethical approval: Not required. 
What is already known on this topic
Cheating is common in examinations 
Supplementary information
With any diagnostic procedure for detecting anomalies there is a need to assess the sensitivity and specificity of the method, or, to put it in more statistical terms, to assess the power and the false positive rate. Although that is relatively straightforward for most diagnostic tests, since 'gold-standard' cases are relatively easy to define and identify, the process is not so straightforward when detecting cheating since it is difficult to identify individuals with certainty. Instead therefore one can use a Monte Carlo procedure to validate the statistical method, and to assess its specificity and sensitivity.
Specificity / False positive rate.
A potential problem of the statistical analysis is that it relies on the residuals being normally distributed, so that the probability of extreme values can be calculated. However whereas an assumption of multiple regression is that the data points are statistically independent, in the present analyses that is not strictly the case, since although there are N.(N-1)/2 data points in the regression, these are based on only N strictly independent cases. It is therefore possible, albeit unlikely, that the data points in the regression analysis are not independent, and that as a result some of the anomalous pairs occur due to statistical artefacts. In this section I use a Monte Carlo simulation of the process to show that that is not the case, that the residuals are well behaved and in accordance with normal distribution theory, and that the false positive rate is as would be expected.
Monte Carlo analysis. Data from multiple-choice examinations such as those analysed with
Acinonyx are generally fitted well by means of a three-parameter item-response theory model, in which candidates differ in terms of their true ability (theta), and items differ in terms of their discrimination (a), difficulty (b), and chance-guessing probability (c) [1] . The program 1 Only 50 replications were carried out because the procedure was slow and tedious. The Acinonyx program takes about 15 minutes to generate half-a-million pairs from the data, and the SPSS program takes another10 minutes or so to analyse the data. A complete replication therefore takes about half an hour of computer time, meaning that the 50 replications took about 25 hours. This was particularly fiddly since each replication involved running Notepad, PARDSIM, SPSS, Acinonyx, and SPSS once again in sequence, with each having to be controlled from the keyboard.
2 PARDSIM [2] was used to simulate a typical examination in where there were 1000 candidates, with ability theta normally distributed with mean zero and standard deviation (SD) of 1. The examination had 200 items, which were regarded as being 'best-of-five', so that the guessing probability was of the order of 0.2. In particular discrimination parameters were normally distributed, with mean of .31 and SD of .15, the difficulty parameters were uniformly distributed in the range -3 to +3, and the chance guessing probabilities were normally distributed with mean of 0.2 and SD of .025. These parameters give results which are typical of many post-graduate examinations, with mean score of about 120 correct (60%), with candidates' marks in the range 70 to 170 (35% to 85%), and a reliability of about 0.85 (coefficient alpha).
A total of 50 Monte Carlo replications was carried out 1 , the candidate and item parameters being sampled afresh for each replication. Table S1 summarises show that the distribution of residuals is symmetric. The largest absolute residual has a mean value of 4.879 (SD .247). The two-tailed probability can be calculated for the largest absolute z-score found in each replication. The arithmetic mean probability is .000001842
(1.84x10 -6 ), with a range of .000014776 to .00000000721 (1.4x10 -5 to 7.2 x10 -9 ).
The 1000 candidates in the simulated examination produce 1000 x 999/2 = 499,500 pairs of candidates. On average therefore it will be expected that the most extreme pair will 2 Calculated using the Bayesian calculator at http://www.causascientia.org/math_stat/ProportionCI.html 3 have a probability of 1 / 499,500 = 0.000002002 (2.0 x 10 -6
), a value which is consistent with the mean probability of .000001842 (1.84x10 -6 ). Using an alpha level of P<.001 and a
Bonferroni correction, as in the main paper, would require a significance level of .001/499,500 = 0.000000002002 (2.0 x 10 -9 ); it is noteworthy that in none of the fifty replications does the largest residual reach this value. The specificity using an alpha level of P<.001 is therefore 100%, for these 50 replications. The 95% confidence interval for the specificity is 95.3% to 100%. A somewhat more conventional (but in this context too liberal) alpha level of 0.05 would require a Bonferroni corrected significance level of .05/499,500 = 0.0000001001 (1.0 x 10 -7 ), and of the 50 replications, two (4%) reach that level, one for a negative residual and one for a positive residual, a proportion close to the expected proportion of 5%.
Taken overall it can be concluded from the Monte Carlo analysis that the residuals are distributed normally, and that the Bonferroni correction is appropriate. The specificity of the test is between 95% and 100% 2 .
Sensitivity / Power analysis
The sensitivity of Acinonyx can be assessed by generating data in which all of the candidates are strictly independent apart from a single candidate who copies a proportion of answers from another candidate. That process can be replicated many times for different proportions of questions being copied.
Monte Carlo analysis. PARDSIM was used to generate a similar set of data to that analysed earlier in the specificity analysis, with 1000 candidates (theta normally distributed with mean zero and standard deviation (SD) of 1), and 200 best-of-five items (discrimination: normally distributed with mean of .31 and SD of .15; difficulty uniformly distributed in the range -3 to 3 Of course some of these answers would have been identical to what the weaker candidate would have responded anyway, and in other cases the weaker candidate will have replaced a correct answer with a wrong one. 4 Note that in effect this is equivalent to introducing a single anomalous pair on 1000 separate occasions, but is computationally far more efficient. The omission of a single anomalous pair from the distribution of residuals has only an infinitesimal effect on the mean or standard deviation of the residuals. 4 +3; guessing probabilities normally distributed with mean of 0.2 and SD of .025). These were used to generate the 1000x999/2 = 499,500 pairs of candidates. The item parameters were saved and used in the generation of the anomalous pairs, who were therefore answering identical questions to the other candidates. For a particular rate of copying, 1000 candidates 'stronger' candidates were generated, who were 1 SD above the population mean (i.e. a typical candidate performing above the mean). 1000 'weaker' candidates were also generated by a similar procedure, who were 1 SD below the population mean, and each was paired with one of the stronger candidates. Each of the 1000 weaker candidates then copied a percentage, C, of the stronger candidate's answers 3 . Separate replications, each involving 1000 pairs of candidates were carried out with C varying by five point steps from 0 to 100%. ). Table S2 summarises the results of the specificity analysis in a single situation which is probably typical of an averagely weaker candidate copying from an averagely stronger candidate. It can be seen that there is an 80% power when a candidate is copying about 61% or more of questions, and a 95% power when a candidate is copying 65% or more of the questions. With levels of copying below about 45% then few anomalies are detected 5 .
Taken overall it is clear that as, as expected, the sensitivity of Acinonyx 1 increases with an increasing proportion of copied answers. Experience with Acinonyx in practice certainly finds cases where 90% of the answers of two candidates are identical, and the method can readily detect such similarities with 100% power.
Summary
These Monte Carlo analyses confirm that Acinonyx 1 with a p<.001 criterion has a specificity of at least 95%, and a typical sensitivity of 80% when a weaker candidate has copied 65% or more of their answers from a stronger candidate.
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